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Abstract 

As  the  use  of  gene  knockout  models  in  thermoregulation  studies  has  gained  popularity,  the  reported  incidence  of 
redundant  or  discrepant  phenotypes  between  studies  has  also  increased.  Several  gene  knockout  models  mimic  human 
processes  and  have  provided  valuable  insight  into  the  role  of  endogenous  mediators  in  thermoregulatory  processes. 
There  arc  also  many  examples  of  mutant  strains  expressing  virtually  identical  phenotypes  as  their  wild-type  controls, 
causing  concern  regarding  the  appropriateness  of  these  models  for  the  study  of  physiological  processes.  In  some  cases, 
discrepancies  in  results  are  being  reported  from  different  laboratories  that  are  studying  the  same  gene  knockout  model. 
While  mutant  strains  provide  a  powerful  tool  for  analysis  of  gene  function  in  vivo,  the  breeding  strategies  used  to 
generate  the  strain  may  have  a  profound  impact  on  the  expressed  phenotype.  This  review  examines  the  intricacies  of 
working  with  a  small  rodent  such  as  the  mouse  and  discusses  the  advantages  and  disadvantages  of  using  gene  knockout 
models  for  thermoregulatory  research.  A  number  of  experimental  strategies  that  can  be  used  to  minimize  the  occurrence 
of  redundant  phenotypes  are  presented.  The  influence  of  background  strain  effects  is  also  considered,  since  this  may  be 
one  of  the  most  important  factors  influencing  a  mutant  phenotype.  A  future  perspective  is  provided  in  which  more 
advanced  technologies  using  conditional  gene  inactivation  and  the  production  of  rat  knockout  strains  will  improve 
current  experimental  design. 

Published  by  Elsevier  Ltd. 


Keywords:  Temperature  regulation;  Targeted  mutagenesis;  Cytokines;  Fever;  Interleukin-1;  Interleukin-6;  Mutant  mouse  models 


Contents 


1.  Introduction . 274 

2.  Homologous  recombination  for  the  generation  of  mouse  mutant  strains . 274 

3.  Unique  characteristics  of  the  mouse  model . 275 

3.1.  Impact  of  ambient  temperature . 275 

3.2.  Importance  of  biotelemetry . 276 

3.3.  Thermal  preference . 278 


*Tel.:  +1  5082334862;  fax;  +1  508233  5298. 
E-mail  address:  lisa.leon@na.amedd.army .mil. 


0306-4065/8  -  see  fronl  matter  Published  by  Elsevier  Ltd. 
dot:  10.101 6/j.jtherbio. 2005.01 .00 1 


274 


L.R.  Leon  /  Journal  of  Thermal  Biology  30  (2005)  273—288 


4.  Advantages  and  disadvantages  of  gene  knockout  models . 279 

4.1.  Selection  marker  interference . 280 

4.2.  Embryonic  lethality/survival  of  the  fittest . 280 

4.3.  Functional  redundancy/compensation . 280 

4.4.  Background  strain  effects . ..281 

5.  Experimental  strategies  that  minimize  knockout  disadvantages . 281 

5.1.  Breeding  strategies  to  eliminate  background  strain  effects . 281 

5.2.  The  importance  of  the  wild-type  control  strain . 282 

5.3.  Rescue  experiment . 283 

6.  Future  perspective:  advancements  in  mutagenesis  technology . 284 

6.1.  Inducible  gene  inactivation . 284 

6.2.  Rat  mutagenesis . 284 

7.  Concluding  remarks . 285 

Acknowledgements . 285 

References . 286 


1,  Introduction 

The  advent  of  targeted  mutagenesis  of  the  mouse 
germ  line  represents  an  important  breakthrough  since  it 
is  now  possible  to  study  animal  populations  with 
mutations  of  practically  any  gene  of  interest.  While 
many  gene  knockout  mouse  models  successfully  mimic 
responses  observed  in  human  disease  (i.e.,  hypothermia, 
fever),  the  appearance  of  an  unexpected  or  redundant 
phenotype  has  resulted  in  controversy  concerning  the 
appropriateness  of  these  models  in  the  study  of 
thermoregulatory  processes.  In  addition,  the  develop¬ 
ment  of  gene  targeting  strategies  predominantly  in  mice, 
rather  than  rats,  has  limited  the  application  of  the 
technology  to  this  species. 

It  is  clear  that  gene  targeting  mutagenesis  is  here  to 
stay.  Rapid  advances  in  the  technology  are  improving 
experimental  design  and  the  recent  introduction  of  rat 
mutagenic  models  is  allowing  an  expansion  of  genetic 
manipulations  into  this  species.  This  may  result  in  a 
rapid  increase  in  the  use  of  gene  knockout  models  since 
the  rat  is  considered  by  many  to  be  the  preferred  species 
for  thermoregulatory  studies  with  its  more  docile  nature 
and  ease  of  manipulation  (e.g.,  instrumentation).  How¬ 
ever,  the  mouse  still  represents  the  most  commonly 
utilized  species  for  the  production  of  mutant  strains.  It  is 
important  to  understand  the  limitations  and  specific 
requirements  of  working  with  the  mouse  to  fully  utilize 
the  advantages  offered  by  mutant  strains  for  the  study  of 
thermoregulatory  processes.  It  is  also  important  to  be 
aware  of  the  limitations  of  knockout  models  such  that 
past  mistakes  in  their  use  are  not  repeated.  This  review 
describes  the  unique  characteristics  of  the  mouse  as  a 
model  for  thermoregulation  and  discusses  the  advan¬ 
tages  and  disadvantages  inherent  in  the  use  of  gene 
knockout  models  (mouse  or  rat).  Potential  solutions  to 
overcome  the  limitations  of  this  technology  are  pre¬ 
sented  along  with  a  future  perspective  focused  on  the 
recent  generation  of  rat  mutagenic  models. 


2.  Homologous  recombination  for  the  generation  of 
mouse  mutant  strains 

Provided  here  is  a  brief  description  of  the  most 
common  procedure  used  to  generate  gene  knockout 
strains,  termed  homologous  recombination.  The  reader 
is  referred  to  several  reviews  on  the  topic  for  a  more 
detailed  description  of  this  technique  (Bockamp  ct  al., 
2002;  Melton,  1994;  Muller,  1999;  Van  der  Weyden 
et  al.,  2002). 

The  basic  strategy  for  producing  genetically  modified 
mice  is  homologous  recombination  (i.e.,  recombination 
of  a  genomic  DNA  fragment  with  an  endogenous 
homologous  sequence)  using  mammalian  embryonic 
stem  (ES)  cells.  Fig.  1  provides  an  outline  of  this 
technique  for  the  generation  of  null  mutant  mice.  ES 
cells  represent  pluripotent  derivatives  of  the  inner  cell 
mass  of  the  mouse  blastocyst.  The  first  step  in  the 
production  of  a  null  mutant  mouse  is  construction  of  the 
targeting  vector.  The  targeting  vector  contains  a 
sequence  homologous  to  the  targeted  gene  that  will 
recombine  with  and  mutate  a  specified  chromosomal 
locus.  An  essential  component  of  this  targeting  vector  is 
the  inclusion  of  a  positive  selection  cassette,  which 
confers  antibiotic  resistance.  The  targeting  vector 
typically  consists  of  the  selection  cassette  (i.e.,  neomy¬ 
cin)  flanked  by  coding  exons  (gray  boxes)  that  serve  as 
the  target  sites  for  the  recombination  event.  The  vector 
is  linearized  and  electroporated  into  cultured  ES  cells 
with  successful  homologous  recombination  determined 
by  positive  selection  for  a  neomycin  analog  (e.g.,  G418) 
which  confers  resistance  (as  provided  by  the  selection 
cassette).  Positively  selected  ES  cells  are  injected  into  a 
mouse  blastocyst  and  implanted  into  the  uterus  of  a 
pseudopregnant  foster  mother  for  the  production  of 
chimeric  pups.  Based  on  this  strategy,  the  genetic 
makeup  of  the  mouse  pups  is  a  combination  of  cells 
from  the  mother’s  blastocyst  and  derivates  of  the 
targeted  ES  cells. 


L.R.  Leon  /  Journal  of  Thermal  Biology  JO  (2005)  273-2SS 


275 


(A)  Homologous  Recombination 
Wild-type  locus 
Targeting  construct 


Recombined  locus 


(B)  Transfect  129  ES  cells 
with  targeting  construct 
using  electroporation 


transmission  using  coat  color  markers  (Muller,  1999). 
Based  on  this  strategy,  heterozygous  F,  progeny  are 
generated,  which  contain  one  set  of  chromosomes  from 
each  parental  strain  (50%  from  129  and  50%  from 
C57BL/6).  Intercrossing  of  F]  animals  is  then  performed 
to  generate  mice  homozygous  for  the  mutation  along 
with  their  wild-type  littermates.  These  offspring  repre¬ 
sent  a  random  mix  of  the  parental  (C57BL/6  and  129) 
chromosomal  DNA  throughout  their  genome. 


Targeted  locus  selected  on 
basis  of  G41 8  resistance 


(C)  Targeted  ES  cells  injected  into 
blastocyst  and  transferred  into 
pseudopregnant  foster  mothers 


(D)  Identify  chimeric  Jp<y 
pups 


F,  Progeny 


Ft  Null  Mutants 


3.  Unique  characteristics  of  the  mouse  model 

A  mouse  may  be  treated  as  a  “test  tube”  for  a 
molecular  or  biochemical  experiment,  but  for  a 
complex  trait,  it  must  be  treated  as  a  complex,  living 
organism”.  M.P.  Printz,  2004 

The  mouse  is  considered  an  excellent  model  for 
experimental  gene  studies  due  to  its  relatively  short  life 
cycle,  its  genetic  similarity  to  humans  and  the  ability  to 
easily  manipulate  its  genome.  However,  despite  their 
genetic  similarities,  there  are  large  physiological  and 
behavioral  differences  between  mice  and  humans  that 
need  to  be  considered  for  effective  extrapolation  of 
results  between  these  species. 

3. 1.  Impact  of  ambient  temperature 


Fig.  1.  Procedure  for  the  generation  of  null  mutant  mice  by 
homologous  recombination  in  ES  cells.  (A)  Homologous 
recombination  strategy  used  to  generate  a  knockout  genotype. 
Four  exons  of  the  wild-type  locus  (gray  boxes)  recombine  with 
the  targeting  construct,  which  introduces  the  selection  cassette 
and  deletes  exon  3.  (B)  ES  cells  are  isolated  from  the  inner  cell 
mass  of  blastocysts  from  1 29  strain  of  mice  and  are  transfected 
with  the  recombined  locus  using  electroporation.  (C)  Homo¬ 
logously  recombined  ES  cells  (determined  by  positive  selection 
using  neomycin  resistance)  are  injected  into  a  blastocyst,  which 
is  then  transferred  to  a  pseudopregnant  foster  mother.  (D) 
Chimeric  mice  are  identified  and,  in  many  cases,  backcrossed  to 
C57BL/6  mice  to  generate  F,  progeny.  Heterozygous  Fi 
progeny  are  identified  and  mated  to  produce  Ft  null  mutant 
mice. 


For  reasons  not  completely  understood,  ES  cell  lines 
from  the  129  mouse  strain  are  the  most  compliant  for 
manipulation  in  culture  and  repopulation  into  the  germ 
line.  However,  due  to  poor  reproductive  performance  of 
129  strains,  chimeric  pups  are  generally  backcrossed  to  a 
different  inbred  strain  for  the  production  of  homo¬ 
zygous  mutants  (Fig.  1).  In  most  cases,  investigators 
choose  females  of  the  C57BL/6  strain  for  breeding  to 
129-derived  male  chimeras.  In  addition  to  providing 
more  rapid,  robust  reproductive  performance,  the  use  of 
C57BL/6  females  permits  monitoring  of  germ  line 


One  facet  of  rodent  research  that  often  confounds 
data  interpretation  is  the  impact  of  ambient  temperature 
(7Y)  on  thermoregulatory  processes.  Historically,  the 
profound  impact  of  77,  on  the  thermoregulatory 
capacity  of  mice  and  rats  has  been  ignored,  with  the 
choice  of  housing  77,  commonly  dictated  by  the  comfort 
of  laboratory  personnel  (typically  20-22  “C).  The  hous¬ 
ing  of  rodent  species  under  strict  environmental  condi¬ 
tions  is  often  compromised  due  to  the  high  cost  of 
maintaining  precise  control  over  ambient  variables,  such 
as  temperature,  humidity  and  lighting.  As  a  conse¬ 
quence,  needs  of  the  particular  species  or  strain  under 
study  are  secondary,  with  neglect  for  the  impact  of  77, 
on  study  outcome. 

The  ability  of  mice  to  maintain  Tc  within  a  narrow 
range  despite  large  fluctuations  in  77,  does  not  imply 
that  7'c  is  independent  of  environmental  temperature. 
On  the  contrary,  the  maintenance  of  normal  Tc , 
particularly  under  conditions  of  low  77-,  requires 
significant  expenditure  of  energy.  This  is  particularly 
true  of  the  laboratory  mouse  due  to  its  relatively  large 
surface  area  to  body  mass  ratio  (SA :Mb),  which 
facilitares  body  heat  loss  to  the  environment.  The 
housing  77,  of  small  rodents,  particularly  mice,  may 
have  a  marked  effect  on  several  processes  including 
metabolic  rate,  food  and  water  consumption,  body 
weight  maintenance,  locomotor  activity  and  immune 
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responses,  which  in  turn  may  influence  TQ  control 
processes.  For  example,  housing  at  22  °C  induces  ~2- 
fold  increase  in  metabolic  rate  in  mice  compared  to 
housing  at  thermoneutrality  of  33  QC  (Herrington,  1940). 
Swoap  et  al.  (2004)  showed  a  linear  decrease  in  heart 
rate,  mean  arterial  pressure  and  metabolic  rate  with 
increases  in  77,  (18-30  °C)  for  the  mouse  and  rat.  Not 
surprisingly,  due  to  an  M 0-fold  difference  in  body  size, 
mice  showed  a  greater  responsiveness  to  77,  effects  on 
metabolic  rate  and  cardiovascular  variables  than  the  rat 
(Swoap  et  al.,  2004).  It  has  been  shown  in  several  species 
that  circadian  amplitude  increases  with  a  decrease  in  27, 
due  to  a  reduction  in  daytime  Tc  at  lower  housing 
temperatures  (Refinetti,  1997).  Given  that  most  thermo¬ 
regulation  studies  are  performed  during  the  period  of 
the  circadian  Tc  nadir  (i.e.,  lights-on  period)  in  rodents, 
differences  in  77,,  and  its  subsequent  effects  on  Tc 
amplitude,  metabolic  rate  and  other  physiological 
processes  could  have  a  large  impact  on  study  results 
and  interpretation. 

Tc  maintenance  in  rodents  is  achieved  through  several 
mechanisms,  including  shivering  thermogenesis,  nonshi¬ 
vering  thermogenesis  in  brown  adipose  tissue  (BAT), 
changes  in  vasomotor  tone,  and  behavioral  thermo¬ 
regulation.  When  provided  the  opportunity,  rodents  use 
behavioral  thermoregulation  preferentially  due  to  the 
energy-conserving  properties  of  this  strategy  over 
shivering  and  nonshivering  thermogenesis  (Gordon, 
1983;  Kozak  et  al.,  1994;  Morimoto  et  al.,  1986; 
Schmidt,  1984).  Under  most  experimental  conditions, 
the  only  behavioral  means  provided  for  Tc  maintenance 
are  group  housing  and/or  cage  bedding,  which  permit 
heat  conservation  through  huddling  and  nesting  beha¬ 
vior,  respectively.  Interestingly,  even  cage  bedding, 
which  may  be  considered  a  minimal  housing  require¬ 
ment  that  is  sufficient  to  override  the  effect  of  low  77, , 
has  been  shown  to  have  a  differential  effect  on  mouse  Tc 
and  metabolic  rate  depending  on  the  material  provided 
(Gordon,  2004).  Heat-treated  wood  shavings,  which 
provide  the  best  opportunity  to  burrow  and  reduce  heat 
loss,  was  associated  with  a  higher  daytime  Tc  (Gordon, 
2004).  These  effects  of  housing  environment  can  have  a 
profound  effect  on  thermoregulatory  homeostasis  and 
rodent  health  and  well-being. 

While  wild-type  strains  have  the  metabolic  efficiency 
to  compensate  for  body  heat  loss  under  conditions  of 
low  77,,  the  assumption  that  gene  knockout  strains  will 
similarly  adapt  to  a  mild  cold  stress  (i.e.,  low  housing 
77,)  may  not  be  a  valid  assumption  (and  in  most  cases 
has  not  been  experimentally  tested).  This  is  illustrated  by 
the  most  widely  recognized  mutant  strain,  the  obese 
( ob/ob)  mouse.  The  ob/ob  mouse  was  discovered  at  the 
Jackson  Laboratories  in  1950  as  a  C57BL/6  strain  that 
incurred  a  spontaneous  mutation  resulting  in  an  obese 
phenotype  (Ingalls  et  al.,  1950).  It  was  the  rarity  of  the 
obese  phenotype  in  typical  mouse  populations  that 


made  the  recognition  of  this  mutation  readily  apparent 
(Ingalls  et  al.,  1950).  In  addition  to  its  robust  obese 
phenotype,  which  makes  this  strain  perhaps  the  most 
widely  recognized  mutant  mouse  strain  today,  the  ob/ob 
mouse  also  manifests  several  characteristics  of  the 
diabetic  syndrome,  including  hyperglycemia  and  hyper- 
insulinemia.  With  respect  to  its  thermoregulatory 
capabilities,  the  inability  to  survive  exposure  to  4°C 
demonstrated  defective  thermogenesis  in  this  species, 
which  is  now  known  to  be  due  to  decreased  thermogenic 
capacity  of  BAT  (Davis  and  Mayer,  1954;  Hogan  and 
Himms-Hagen,  1980;  Trayhurn  and  James,  1978).  While 
4°C  represents  a  significant  thermal  stress,  housing  at 
77,  of  10,  15,  20,  25,  and  even  30  °C,  the  latter  of  which 
might  be  considered  within  the  thermoneutral  zone 
(TNZ)  of  mice,  induced  hypothermia  in  ob/ob  mice 
compared  to  their  lean  Attenuates  (Trayhurn  et  al., 
1976).  It  was  subsequently  shown  that  the  preferred  27, 
of  ob/ob  mice,  when  allowed  to  behaviorally  select  77,  in 
a  thermal  gradient,  was  significantly  greater  (25-35  °C) 
than  that  of  their  lean  Attenuates  (<25°C).  Interest¬ 
ingly,  availability  of  behavioral  thermoregulation  was 
not  sufficient  to  correct  their  hypothermia,  suggesting  a 
lowered  thermal  setpoint  in  the  ob/ob  strain  (Wilson  and 
Sinha,  1985).  We  now  know,  due  to  its  discovery  in  1994 
(Zhang  et  al.,  1994)  that  the  circulating  protein  leptin, 
which  is  encoded  by  the  obese  gene,  is  the  mutated  factor 
in  the  ob/ob  strain  that  is  responsible  for  several  of  its 
physiological  abnormalities.  The  stimulating  effect  of 
leptin  on  metabolic  rate  and  fuel  availability  are  now 
well  recognized  (Pelleymounter  et  al.,  1995)  and 
illustrate  the  potential  impact  of  a  gene’s  mutation  on 
physiological  processes  that  are  not  directly  related  to 
thermoregulation,  but  can  have  a  profound  impact  on 
Tc  homeostasis. 

3.2.  Importance  of  bio  telemetry 

Prior  to  the  advent  of  biotelemetry,  which  permits  the 
remote  sensing  of  physiological  variables  (e.g.,  Tc,  ECG) 
throughout  the  circadian  cycle,  Tc  was  measured  using 
rectal  probes.  Rectal  probes  are  typically  used  in 
conjunction  with  anesthesia  and/or  physical  restraint, 
which  compromises  thermoregulatory  control  mechan¬ 
isms  by  preventing  behavioral  and  physiological  re¬ 
sponses  that  may  be  critical  for  the  manifestation  of  a 
normal  Tc  response  in  rodents  (Hanagata  et  al.,  1995; 
Stoen  and  Sessler,  1990).  Due  to  the  need  for  restraint, 
rectal  probes  only  permit  analysis  of  Tc  at  discrete  times 
during  the  circadian  cycle,  typically  during  the  lights-on 
or  inactive  period,  which  is  most  convenient  for 
laboratory  personnel. 

With  preference  of  the  mouse  toward  behavioral 
mechanisms  of  Tc  regulation,  biotelemetry  is  considered 
the  method  of  choice  for  thermoregulation  studies  in  this 
species.  Using  biotelemetry,  the  circadian  Te  and 
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activity  rhythm  of  rodents  is  typically  described  as  a 
biphasic  pattern  consisting  of  low  daytime  and  high 
nighttime  values  that  reflect  the  nocturnal  behavior  of 
the  species.  As  a  population,  C57BL/6  mice  display  a 
low  daytime  (12 h  average,  35.99±0.07 °C)  and  high 
nighttime  (12  h  average,  37.27 ±0.06  °C)  circadian  Tc 
rhythm  that  is  mirrored  by  changes  in  general  locomotor 
activity.  A  characteristic  of  this  mouse  rhythm  that  is 
generally  ignored  is  the  manifestation  of  ultradian 
fluctuations  in  Tc  and  activity  that  are  displayed  by 
individual  animals  throughout  the  24-h  cycle.  As  shown 
in  Fig.  2A,  when  the  Tc  profile  of  a  single  mouse  is 
observed,  a  series  of  transient,  robust  Tc  fluctuations  of 
1-2  °C  occur  throughout  the  circadian  cycle.  These  Tc 
fluctuations  are  associated  with  concurrent  spikes  in 
activity  and  are  representative  of  what  has  typically  been 


Mouse 


Fig.  2.  Circadian  rhythm  in  core  temperature  (7,c)  and  motor 
activity  (measured  by  biotelemelry)  of  a  C57BL/6J  male  mouse 
(top)  and  a  Sprague-Dawley  male  rat  (bottom)  housed  at  25  °C. 
Data  represent  1-min  values  collected  in  conscious,  unrest¬ 
rained  animals  over  a  24-h  cycle.  Dark  horizontal  bar  at  the  top 
of  each  graph  represents  the  Iights-orf,  or  active  period  on  a 
12: 12 li.  light:dark  schedule  (lights  on  at  0600h).  Both  animals 
display  a  profile  with  low  daytime  and  high  nighttime  Tc  values 
that  are  mirrored  by  changes  in  motor  activity.  The  C57BL/6J 
mouse  shows  I-2“C  Ultradian  fluctuations  in  Ts  that  are  not 
observed  in  the  rat.  The  potential  impact  of  these  ultradian  Tc 
spikes  on  an  elicited  thermoregulatory  response  in  the  mouse  is 
depicted.  The  delta  Tc  response  elicited  in  a  mouse  starting  at 
point  b  (~35.5“C)  and  reaching  a  maximum  Tc  of  3S.0°C  is 
significantly  greater  (see  A*)  than  that  elicited  from  point  a 
(~36.S°C;  see  A„)  in  the  ultradian  cycle. 


described  as  rest-activity  cycles  for  this  species  (D’Olim- 
pio  and  Renzi,  1998;  Poon  et  ah,  1997;  Szelenyi  et  al., 
2004;  Weinert  and  Waterhouse,  1998).  While  group 
housing  or  housing  in  small  cages  attenuates  the 
magnitude  of  these  ultradian  fluctuations  (Crowley 
and  Bovet,  1980;  Poon  et  ah,  1997),  individually  housed 
mice  (a  condition  that  is  required  with  the  use  of 
biotelemetry)  display  these  fluctuations  at  different  time 
points  during  the  circadian  cycle,  with  a  frequency  that 
has  been  estimated  as  ranging  from  9  to  20  min 
(D’Olimpio  and  Renzi,  1998).  Perhaps,  what  has  not 
been  as  universally  recognized  is  the  potential  impact  of 
these  ultradian  TQ  fluctuations  on  the  magnitude  of  an 
experimentally  induced  T0  response.  As  shown  in 
Fig.  2A,  a  delta  Tc  response  elicited  in  a  mouse  starting 
at  point  b  (~35.5°C)  and  reaching  a  maximum  TQ  of 
38.0  °C  will  be  significantly  greater  than  that  elicited 
from  point  a  (~36.8°C)  in  the  ultradian  cycle.  These 
ultradian  fluctuations  do  not  appear  to  be  77,  dependent 
since  they  are  of  virtually  identical  magnitude  in  mice 
housed  at  25  and  30  °C  (unpublished  observations).  To 
eliminate  the  confounding  influence  of  ultradian  rhyth- 
rnicity  on  an  elicited  response,  it  is  necessary  to  examine 
individual  mouse  thermoregulatory  profiles  (rather  than 
group  profiles)  to  determine  the  most  appropriate 
baseline  Tc  value  before  introducing  a  stimulus  in  this 
species.  Interestingly,  rats  do  no:  show  these  robust  rest- 
activity  cycles  in  their  Tc  and  activity  rhythm  (Fig.  2B). 
This  is  likely  due  to  the  significant  difference  in  SA:Mb, 
lower  reliance  on  BAT  and/or  lower  metabolic  rate  of 
this  species,  which  does  not  support  such  rapid 
fluctuations  in  heat  storage. 

One  of  the  most  important  considerations  in  the  use 
of  biotelemetry  for  T0  measurements  in  small  rodents  is 
the  impact  of  the  transmitter  device  on  the  normal 
physiological  functioning  of  the  animal.  With  an  ~  10- 
fold  difference  in  body  size  between  the  mouse  and  rat,  it 
is  expected  that  intraperitoneal  implantation  of  a 
biotelemetry  device  would  have  a  differential  effect  on 
growth  of  these  two  species.  The  typical  transmitter 
designed  for  use  in  the  mouse  and  rat  weighs  ~3.6g, 
which  represents  — 12—18%  and  ~l-2%  of  mouse 
(20-30  g)  and  rat  (250-300  g)  body  mass,  respectively. 
Typically,  expression  of  a  robust  circadian  7’c  and 
activity  rhythm  following  surgical  implantation  is 
regarded  as  evidence  of  surgical  recovery  from  the 
intraperitoneal  implantation  of  the  transmitter.  How¬ 
ever,  we  recently  demonstrated  that  implantation  of 
these  transmitter  devices  in  a  mouse  significantly  retards 
post-surgical  growth  compared  to  the  rat  (Leon  et  ah, 
2004).  While  the  rat  requires  ~1  week  for  recovery  of 
pre-surgical  body  weight  following  transmitter  surgery, 
the  mouse  requires  ^  14  days.  For  unknown  reasons, 
water  consumption  never  returned  to  pre-surgical  levels 
in  implanted  mice.  Thus,  while  biotelemetry  is  recom¬ 
mended  for  studies  of  thermoregulation  in  rodents,  due 
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to  the  elimination  of  stress-induced  alterations  in  Tc,  the  ogy  of  each  gene  knockout  mouse  studied.  In  most,  if 

elimination  of  restraint  and  anesthesia,  and  the  ability  to  not  all  cases,  wild-type  and  gene  knockout  mice  are 

monitor  physiological  variables  throughout  the  circa-  housed  in  identical  environmental  conditions.  Is  this 

dian  cycle,  the  mouse  presents  a  unique  challenge  in  the  appropriate? 

application  of  this  technology  due  to  its  small  body  size.  The  TNZ  is  defined  as  the  T3  range  equivalent  to 

It  is  recommended  that  circadian  rhythmicity  be  used  as  minimum  metabolic  rate  and  at  which  Tc  is  maintained 

only  one  of  several  criteria  to  indicate  surgical  recovery  by  nonevaporative  physical  processes  (IUPS,  2001).  This 

prior  to  inclusion  of  small  rodents  in  a  biotelemetry  has  been  determined  as  30-32 °C  in  several  strains  of 

study.  One  must  consider  not  only  the  surgical  site  of  wild-type  mice  when  they  are  allowed  to  use  behavioral 

implantation,  but  also  the  size  of  the  transmitter  device  means  to  select  a  wide  Ta  range  following  placement  in  a 

to  determine  the  potential  impact  on  post-surgical  thermal  gradient  (Hart,  1950;  Herrington,  1940;  Hudson 

growth  and  normal  physiological  processes.  As  such,  it  and  Scott,  1979;  Mount,  1971).  The  TNZ  has  only  been 

is  recommended  that  the  manifestation  of  a  robust  determined  for  select  wild-type  strains  and  it  is  unknown 

circadian  7).  and  activity  rhythm  be  used  in  conjunction  how  these  values  correlate  to  the  wide- variety  of  wild- 
with  a  recovery  of  pre-surgical  BW  to  ensure  that  type  and  gene  knockout  strains  that  are  commercially 

the  device  alone  does  not  impact  study  outcome  (Leotr  available  today. 

et  al,  2004).  My  laboratory  recently  compared  the  circadian  Tc 

profile  of  C57BL/6J  and  B6129F,  (C57BL/6  x  129)  male 
3.3.  Thermal  preference  mice  (recommended  control  strains  for  several  gene 

knockout  models  provided  by  Jackson  Laboratories) 
We  are  entering  an  advanced  stage  in  the  use  of  in  a  thermal  gradient.  Using  biotelemetry  to  measure 

mutagenic  technology  in  which  a  myriad  of  gene  mutant  Tc,  the  two  strains  of  mice  showed  similar  12  h  day- 

strains  are  being  created  or  are  commercially  available  time  (36. 19  ±0.23  °C)  and  nighttime  Tc  values 
for  virtually  any  genetic  process  that  we  wish  to  study.  (36.68  ±0.23  °C).  The  B6129F2  strain  appeared  to  have 

Unfortunately,  we  still  have  very  little  data  regarding  the  slightly  higher  daytime  and  nighttime  Tc,  but  this  did 

impact  of  mutagenic  changes  on  normal  thermoregula-  not  represent  a  significant  difference.  However,  there 

tory  processes  of  mice.  For  example,  we  have  amassed  was  a  significant  difference  in  the  thermal  preference  of 

little  data  regarding  changes  in  the  homeostatic  physiol-  these  two  wild-type  strains  (Fig.  3).  While  B6129F2  mice 


Ambient  Temperature  Range  (°C)  Ambient  Temperature  Range  I  'C ) 


Fig.  3.  (A)  Core  temperature  (Tc;  biotelemetry)  and  (B)  thermal  preference  (Tpl.)  of  B6129F2  and  C57BL/6J  male  mice  during  24h  in  a 
thermal  gradient  that  ranged  in  ambient  temperature  from  17  to  40  °C.  Tc  was  collected  at  1-min  intervals  and  averaged  into  1 2-h  bins 
to  determine  day  and  night  values.  Tc  was  calculated  as  minutes  spent  at  each  ambient  temperature  along  the  length  of  the  gradient 
over  the  12  h  time  periods.  Food  and  water  were  provided  along  the  length  of  the  gradient. 
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preferred  a  wider  range  of  7’s  ranging  from  27  to  36  °C, 
C57BL/6J  mice  spent  the  majority  of  time  residing  at 
34-35  °C.  These  ranges  of  values  differ  markedly  from 
previously  reported  values  for  the  mouse  (Eedy  and 
Ogilvie,  1970;  Gordon,  1985;  Ogilvie  and  Stinson,  1966). 
While  it  is  generally  assumed  that  SA:Mb  is  the  defining 
factor  for  thermal  preference,  thus  predisposing  labora¬ 
tories  to  house  mice  of  different  strains  in  identical 
environmental  conditions,  these  data  suggest  that  the 
genetic  background  of  different  wild-type  strains  may 
have  a  previously  unrecognized  direct  impact  on 
thermoregulatory  processes. 

Despite  scant  data  available  on  the  thermal  preference 
of  different  wild-type  strains,  a  consideration  of  the 
impact  of  T.d  on  thermoregulatory  responses  of  gene 
knockout  strains  has  virtually  been  ignored  (with  the 
exception  of  ob/ob  mice,  in  which  cold  tolerance  has 
been  extensively  studied;  Ohtake  et  ah,  1977;  Qiu  et  ah, 
2001;  Trayhurn  et  al.,  1976;  Wilson  and  Sinha,  1985).  It 
is  generally  assumed  that  a  TNZ  of  30-32  °C,  which  is 
typically  described  for  wild-type  strains,  is  also  applic¬ 
able  for  gene  knockout  mice.  A  consideration  of 
potential  differences  in  thermal  preference  may  be 
particularly  important  for  those  gene  products  that 
have  been  directly  implicated  in  thermoregulatory 
control.  Importantly,  potential  differences  in  the  ther¬ 
mal  preference  of  wild-type  versus  gene  knockout  mice 
will  determine  how  Tc  responses  to  a  variety  of 
inflammatory  and  environmental  stimuli  are  interpreted 
between  these  populations. 

4.  Advantages  and  disadvantages  of  gene  knockout 
models 

The  low  cost,  docile  nature,  well-defined  genetic 
information,  and  ease  of  husbandry  of  the  mouse 
(Mus)  and  rat  ( Rallus )  are  several  reasons  for  the  use 
of  these  species  in  the  study  of  Tc  control  mechanisms. 
Historically,  the  rat  has  been  one  of  the  most  widely 
used  species  for  thermoregulation  studies.  Decades  of 
experimental  study  in  this  species  have  delineated  the 
cellular  and  molecular  determinants  of  Tc  responses 
during  health  and  disease. 

Traditionally,  three  experimental  approaches  have 
been  used  to  study  a  protein’s  role  in  a  thermoregulatory 
process.  These  include:  (1)  application  of  the  protein  at 
the  hypothetical  site  of  action  to  induce  a  Tc  response, 
(2)  measurement  of  release  of  the  endogenous  protein 
during  a  thermoregulatory  event,  and  (3)  in  vivo 
elimination  of  the  action  or  production  of  the  protein 
to  alter  a  TQ  response.  While  the  first  two  methods 
provide  evidence  in  favor  of  a  role  of  the  targeted 
protein  in  a  Tc  response,  only  through  elimination  of 
protein  aclion/production  is  the  endogenous  function  of 
a  substance  delineated. 


While  the  injection  of  antibodies  or  protein  inhibitors 
is  a  straightforward  method  to  neutralize  an  endogenous 
protein,  there  are  several  technical  difficulties  inherent  in 
drug  application  studies  (Table  1).  Determination  of  the 
anatomical  site  for  injection/action  may  be  difficult, 
although  in  most  cases  the  hypothalamus,  which 
represents  the  thermoregulatory  control  center,  would 
be  an  appropriate  site  to  target.  Once  an  anatomical  site 
has  been  identified,  limited  access  to  that  site  may 
complicate  the  injection  procedure.  While  many,  if  not 
all,  brain  sites  are  accessible  through  direct  cannulation, 
there  are  technical  difficulties  involved  in  targeting  the 
anatomical  site  on  both  sides  of  the  brain.  The  unknown 
or  limited  protein  half-life  and  biological  distribution  of 
a  compound  complicates  interpretation  of  negative 
results.  It  is  often  difficult  to  determine  if  the  lack  of 
an  effect  of  an  injected  substance  is  due  to  improper 
dose,  rapid  breakdown  of  the  product  following  injec¬ 
tion  (such  that  it  is  not  active  at  the  required  time  of  the 
response)  or  inadequate  distribution  to  the  site  where  it 
is  required  to  act.  The  latter  concern  is  always  a 
consideration  for  substances  that  are  injected  periph¬ 
erally  and  expected  to  cross  the  blood-brain  barrier  in 
order  to  induce  a  response.  Additional  concerns  include 
undesired  nonspecific  or  cross-reactivity  effects,  undesir¬ 
able  stress  effects  from  the  injection  procedure  and/or 
lack  of  commercial  availability  of  the  drug.  Similarly, 
the  ability  to  study  long-term  effects  of  a  protein’s 
absence  is  limited  by  these  difficulties  (Yap  and 
Sher,  2002). 

Gene  knockout  mice,  which  have  been  engineered 
to  lack  a  gene  product  throughout  development  and 
in  all  tissues,  may  be  viewed  as  “chronic  protein 

Tabic  1 

Advantages  and  disadvantages  of  gene  knockout  models 
A  dram  ages 

Chronic  protein  neutralization  systems 
Eliminates  drug  delivery  complications 
Appropriate  injection/infusion  site 
Short  half-life 

Limited  or  unknown  distribution 
Specilicity/cross-reactivity 
Stress  effects  due  to  handling 
Lack  of  commercial  availability 

Disadvantages 

Selection  cassette  interference 
Functional  redundancy/compensation 
Lack  of  developmental/tissue  specificity 
Lethal  knockouts/survival  of  the  fittest 
Differences  in  background  genotype/hybrid  strains 
Substrain  variability  (e.g.,  129) 

Hitchhiker/modifier  genes 
Proper  wild-type  controls 
Strain  specific  responses 
Hybrid  vigor  (e.g.,  FVB/N) 
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neutralization  systems”  (term  adapted  from  Sigmund, 
1993).  As  such,  they  are  advantageous  for  protein 
analysis  in  a  thermoregulatory  response  due  to  the 
elimination  of  several  of  the  limitations  described  for  an 
injected  substance  (Table  1).  The  issues  of  dose,  timing 
of  injection  and  distribution  are  effectively  eliminated 
with  the  use  of  these  mouse  models.  However,  it  is  naive 
to  assume  that  these  models  represent  the  “holy  grail” 
with  respect  to  resolving  drug  application  issues,  since  as 
will  be  discussed  below,  there  are  several  potential 
disadvantages  and  perhaps  unrecognized  difficulties  of 
working  with  genetically  altered  animals  that  may  affect 
interpretation  of  an  expressed  phenotype. 

4. 1.  Selection  marker  interference 

The  use  of  the  positive  selection  (usually  neomycin) 
cassette  in  the  targeting  vector  can  induce  altered 
phenotypes  that  are  distinct  from  the  targeted  gene 
mutation  (Gingrich  and  Hen,  2000).  This  effect  is  due  to 
disrupted  expression  of  genes  that  are  immediately 
flanking  the  gene  of  interest  (Gingrich  and  Hen,  2000). 
Wang  et  al.  (1999)  demonstrated  interference  by  the 
neomycin  cassette  in  a  null  mutant  model  of  dwarfism, 
in  which  removal  of  the  cassette  produced  a  different 
phenotype  that  more  closely  resembled  the  human 
condition.  Several  studies  have  shown  selection  cassette 
interference  on  expressed  phenotypes  of  mutant  strains 
(Fiering  et  al.,  1995;  Meyers  et  al.,  1998;  Rijli  et  al., 
1994;  Sigmund,  1993).  In  many  cases,  investigators  may 
not  have  direct  control  of  construction  of  the  targeting 
vector  as  mutant  strains  are  obtained  from  other 
laboratories  or  commercial  vendors  responsible  for 
generation  of  the  strain.  However,  it  is  important  to 
consider  the  potential  impact  of  the  construct  on  an 
observed  phenotype. 

4.2.  Embryonic  lethality  /survival  of  the  fittest 

For  gene  products  required  during  development,  the 
generation  of  a  null  mutant  model  may  result  in 
embryonic  lethality  of  the  strain,  precluding  analysis  of 
a  phenotype  (Bockamp  et  al.,  2002;  Thyagarajan  et  al., 
2003;  Yap  and  Sher,  2002).  Conversely,  continuous 
inbreeding  of  Ft  homozygous  mice  can  result  in  the 
“survival  of  the  fittest”  phenomenon  in  which  deleter¬ 
ious  copies  of  a  gene  are  lost,  providing  a  selective 
advantage.  As  described  in  more  detail  below  (see 
Section  6),  the  development  of  time-  and  tissue-specific 
(i.e.,  conditional)  knockout  mice  will  circumvent  these 
issttes. 

4.3.  Functional  redundancy j compensation 

The  most  commonly  cited  disadvantage  of  using  gene 
knockout  models  for  the  study  of  physiological  pro¬ 


cesses  is  the  absence  of  a  specific  phenotype  or  the 
expression  of  functional  redundancy  (i.e.,  compensa¬ 
tion)  of  the  missing  protein’s  effect  (Table  1;  Bockamp  et 
al.,  2002;  Crawley,  1996;  Gerlai,  1996;  Hanks  et  al., 
1995;  Thyagarajan  et  al.,  2003;  Wilder  and  Rizzino, 
1993;  Yap  and  Sher,  2002).  One  of  the  most  often  cited 
examples  of  functional  redundancy  in  thermoregulation 
studies  is  in  the  expression  of  virtually  identical 
circadian  TQ  rhythms  between  wild-type  and  several 
types  of  gene  knockout  strains  (Chai  et  al.,  1996;  Kozak 
et  al.,  1995;  Labow  et  ah,  1997;  Oka  et  ah,  2003;  Zheng 
et  ah,  1995).  Functional  redundancy  is  expected  to  occur 
more  frequently  in  the  study  of  multi-gene  families,  due 
to  structural  and/or  functional  similarity  between  family 
members  that  may  facilitate  compensation  (Wilder  and 
Rizzino,  1993).  One  suggestion  to  avoid  redundancy  is 
to  construct  mice  that  are  doubly  deficient  in  known 
complementary  genes  (Yap  and  Sher,  2002).  While 
simple  in  theory,  in  many  cases  this  is  not  feasible  due 
to  the  complex  network  of  mediators  typically  involved 
in  a  physiological  response  that  makes  identification  of 
the  specific  genes  unlikely.  Realistically,  the  involvement 
of  entire  genetic  pathways  in  a  response  can  increase  the 
number  of  genetic  mutations  such  that  this  approach  is 
neither  feasible  nor  desirable. 

An  alternative  approach  to  study  the  role  of  gene 
family  members  may  be  to  construct  mice  lacking 
the  functional  receptors  for  that  family.  For  example, 
the  interleukin- 1  family  consists  of  several  circulating 
agonists  (e.g.,  IL-la  and  IL-1/3)  and  a  naturally 
occurring  antagonist  (IL-lrn)  that  function  in  Tc 
regulation  during  inflammation;  but  there  is  only  one 
functional  receptor  (IL-1  type  I;  IL-lrl)  that  is  capable 
of  transmitting  a  biological  signal  (Dripps  et  al.,  1991; 
Luheshi  et  al.,  1996;  Sims  et  al.,  1993),  Based  on  this 
gene  family  structure,  study  of  the  IL-lrl  knockout 
mouse  is  equivalent  to  studying  a  mouse  lacking  all 
members  of  the  functional  IL-I  family  of  proteins.  Of 
course,  the  caveat  to  this  approach  is  that  it  permits 
analysis  of  a  protein  family  but  cannot  delineate  the  role 
of  each  specific  member.  Furthermore,  there  are 
cytokine  receptors  which  can  interact  with  several 
ligands  from  different  gene  families,  such  as  the  IL-6 
gpl30  receptor  which  can  transmit  signals  to  IL-6  and 
IL-1 1 ,  as  well  as  several  other  cytokines  (Benigni  et  al., 
1996).  Thus,  this  approach  is  not  practical  for  all  gene 
families  implicated  in  thermoregulatory  control. 

Ideally,  one  should  test  a  combination  of  singly, 
doubly  and  receptor  deficient  mice  to  narrow  down  the 
combination  of  possibilities  for  a  redundancy  in  a 
particular  gene  family.  Horai  et  al.  (1998)  used  this 
approach  to  examine  the  role  of  the  IL-1  family  of 
proteins  in  the  fever  response  to  inflammation.  Using  a 
combination  of  IL-la,  IL-1/?,  IL-la//?  and  IL-lrn 
knockout  mice,  they  were  able  to  dissociate  the 
roles  of  these  individual  proteins  in  the  febrile  and 
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immuno-endocrine  responses  to  turpentine  (a  local 
inflammatory  stimulus).  For  a  gene  family  consisting 
of  only  one  or  two  members,  this  is  a  reasonable 
approach;  however,  it  may  be  unrealistic  for  larger  gene 
families. 

It  is  important  to  realize  that  functional  redundancy 
to  one  stimulus  does  not  imply  functional  redundancy 
will  be  expressed  in  gene  knockout  mice  to  all  stimuli 
with  which  they  are  challenged.  For  example,  IL-6  and 
IL-lrl  knockout  mice  show  virtually  identical  fever 
responses  as  their  wild-type  controls  to  a  low  dose  of 
LPS,  but  are  completely  resistant  to  fever  induced  by 
turpentine  (Kozak  et  ah,  1998;  Leon  et  al.,  1996;  Zheng 
et  ah,  1995).  These  responses  to  LPS  in  the  knockout 
mice  contradict  several  previously  published  results 
supporting  a  role  for  endogenous  IL-1  and  IL-6  in 
LPS-induced  fever  (Kluger,  1991).  In  instances  in  which 
functional  redundancy  contradicts  previously  estab¬ 
lished  scientific  findings,  the  argument  in  favor  of  the 
use  of  gene  knockout  mice  for  the  study  of  thermo¬ 
regulatory  processes  is  weakened.  However,  the  data 
from  TL-1  and  IL-6  knockout  simply  indicate  that, 
under  the  conditions  of  chronic  neutralization  of  an 
endogenous  signal,  functional  redundancy  exists  in  the 
thermoregulatory  pathway  such  that  normal  responses 
may  still  be  manifest  to  a  particular  stimulus.  These 
findings  may  have  important  clinical  implications  for 
chronic  drug  treatment  regimens.  Therefore,  it  may  be 
prudent  to  accept  the  expression  of  functional  redun¬ 
dancy  as  important  in  itself  since  it  provides  knowledge 
regarding  alternative  biochemical  pathways  that  may 
otherwise  not  be  recognized  (Crawley,  1996). 

4.4 .  Background  strain  effects 

Prior  to  the  wide-availability  of  gene  knockout 
models  from  commercial  vendors,  most  animals  were 
created  and/or  provided  by  laboratories  that  generated  a 
null  mutant  of  interest  and  offered  breeding  pairs  to  an 
interested  investigator.  This  presented  researchers  the 
opportunity  to  study  a  gene  knockout  mouse  of  interest, 
but  resulted  in  little  or  no  control  of  the  techniques  and 
breeding  strategies  used  to  generate  the  founder 
population(s).  Once  breeding  pairs  are  obtained  by  a 
laboratory  (commercially  or  otherwise),  several  strate¬ 
gies  are  possible  to  generate  a  sufficient  population  for 
use  in  a  study,  but  the  consequences  of  the  adopted 
breeding  strategy  may  not  be  fully  realized  or  docu¬ 
mented,  making  replication  of  study  results  difficult. 

One  of  the  most  influential  factors  on  the  phenotype 
of  a  gene  knockout  model  is  the  background  strain  used 
to  generate  the  population.  ES  cells  of  the  1 29  strain  are 
most  often  used  for  the  generation  of  null  mutant  mice. 
Unfortunately,  considerable  genetic  variation  exists  with 
respect  to  the  numerous  129  substrains.  Simpson  et  al. 
(1997)  reported  a  43%  incidence  of  locus  polymorphism 


among  129  substrains.  In  some  cases,  this  variation  is  a 
direct  result  of  previously  unrecognized  errors  in 
breeding  strategies  due  to  accidental  outcrossing  that 
results  in  genetic  contamination  of  the  strain  (Simpson 
et  al.,  1997;  Threadgill  et  al.,  1997).  Threadgill  et  al. 
(1997)  discovered  —20-25%  of  the  129/SvJ  strain  to  be 
of  non-129  origin,  making  it  the  most  contaminated  129 
substrain.  In  essence,  this  strain  should  be  considered  a 
recombinant  strain  of  mixed  genetic  background,  con¬ 
sisting  of  129/SvJ  and  an  unknown  donor  strain,  termed 
“X”  (Threadgill  et  al.,  1997).  Based  on  contamination 
and  variability  among  129  substrains,  nomenclature  of 
this  strain  was  revised  to  aid  in  future  designation  of  the 
strain  as  it  is  used  for  the  development  of  mutant 
populations  (Festing  et  al.,  1999). 

Superior  reproductive  performance  and/or  hybrid 
vigor  of  particular  strains  are  two  traits  that  often  favor 
their  use  for  the  generation  of  mutant  populations 
(Hogan  et  al.,  1986;  Taketo  et  al.,  1991).  For  example, 
the  FVB/N  strain  is  the  preferred  strain  for  transgenic 
analyses  due  to  superior  fecundity  relative  to  most 
inbred  strains  (Taketo  et  al.,  1991).  One  must  always 
consider,  however,  that  the  background  strain  of  choice 
may  be  contributing  characteristics  which  extend  be¬ 
yond  their  reproductive  capabilities,  affecting  study 
outcome  in  an  unpredictable  or  unrecognized  fashion. 
For  instance,  the  mild  behavior  patterns  of  the  FVB/N, 
C57BL/6  and  129  strains  may  make  them  less  than  ideal 
for  stress  reactivity  studies,  such  as  the  open  field 
exploration  test  which  is  commonly  used  in  the  study  of 
stress-induced  hyperthermia. 

5.  Experimental  strategies  that  minimize  knockout 
disadvantages 

Provided  below  are  a  number  of  experimental 
strategies  that  can  be  used  to  overcome  the  problems 
of  functional  redundancy  and  background  strain  effects 
that  were  described  above. 

5.1.  Breeding  strategies  to  eliminate  background  strain 
effects 

Maintenance  of  mutants  on  a  pure  inbred  (isogenic) 
strain  is  the  optimal  strategy  for  the  elimination  of 
genetic  background  effects;  however,  poor  performance 
of  the  inbred  strain  in  certain  experimental  paradigms 
often  precludes  their  use  (Muller,  1999;  Sigmund,  2000). 
For  example,  the  129  strain  shows  disease  susceptibility 
and  poor  reproductive  performance  which  deters  its  use 
in  most  breeding  strategies.  Furthermore,  there  are  little 
or  no  data  available  on  the  thermoregulatory  responses 
of  129  substrains,  making  their  contribution  to  study 
outcome  difficult  to  predict  or  assess.  The  use  of  the 
C57BL/6  strain  for  ES  cells  and  chimera  breeding  is  a 
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reasonable  alternative  strategy  to  overcome  the  unwel¬ 
come  characteristics  of  the  129  strain  (Gerlai,  1996).  The 
frequent  use  of  the  C57BL/6  strain  for  behavioral  and 
physiological  studies  facilitates  comparison  of  pheno¬ 
types  of  gene  knockout  mice  to  this  strain  whose 
responses  are  already  well  characterized-  This  strategy 
would  represent  a  potential  reduction  and  refinement  of 
animal  numbers  due  to  availability  of  previously 
described  thermoregulatory  characteristics  in  this  strain. 

The  production  of  congenic  strains,  achieved  by  the 
continuous  backcrossing  onto  a  defined  (inbred)  back¬ 
ground  strain,  is  an  alternative  approach  for  assessing 
the  contribution  of  genetic  backgrounds  to  observed 
phenotypes  (Muller,  1999;  Sigmund,  2000).  Congenic 
mice  are  genetically  identical  to  the  control  strain  with 
the  exception  of  the  one  chromosomal  region  of  interest. 
While  a  simple  procedure  to  perform,  the  time  estimate 
for  generation  of  congenic  strains  with  >99%  homo¬ 
geneity  is  ca.  2-3  years,  or  six  generations  of  back- 
crossing  (Sigmund,  2000),  making  this  a  less  than 
desirable  procedure  for  most  laboratories.  The  intro¬ 
duction  of  “speed  congenics”  (also  referred  to  as 
“marker  assisted  selection  breeding”)  produces  congenic 
strains  in  as  few  as  five  generations,  significantly 
reducing  the  time  investment  for  congenic  strain 
production  (Markel  et  al.,  1997;  Wakeland  et  al., 
1997).  However,  congenic  strains  are  not  devoid  of 
background  influences  since  genetic  regions  from  the  ES 
cells  that  are  located  adjacent  to  the  targeted  locus 
remain  in  the  mutant  animals  and  may  induce  effects 
that  are  not  directly  related  to  the  mutated  locus  (Gerlai, 
1996).  As  estimated  by  Lathe  (1996),  360  or  more 
modifier  genes  from  the  ES  strain  may  flank  a  targeted 
gene  of  interest.  If  these  genes  have  a  direct  effect  on  the 
phenotype  being  studied,  differences  between  wild-type 
and  null  mutant  mice  may  be  due  to  linked  or  modifier 
genes  rather  than  the  mutation  of  interest.  Qiu  et  al. 
(2001)  demonstrated  the  effect  of  modifier  genes  on  the 
thermoregulatory  phenotype  of  the  ob/ob  mouse  by 
backcrossing  the  ob  mutation  for  10  generations  from 
the  C57BL/6J  to  the  Balb/cJ  genetic  background- 
improved  thermal  tolerance  to  a  cold  challenge  in  the 
Balb/cJ  backcrossed  mice  compared  to  the  original 
C57BL/6J  strain  demonstrates  the  potential  effect  of 
background  modifier  genes  on  thermoregulatory  pro¬ 
cesses  in  the  ob  strain  (Qiu  et  al.,  2001).  It  is  currently 
unknown  if  the  modifier  genes  in  the  ob/ob  strain  are 
directly  related  to  the  leptin  pathway  or  represent  an 
alternative  pathway  for  thermoregulatory  and  metabolic 
control  in  this  model. 

Three  guiding  principles  were  suggested  by  geneticists 
at  the  Banbury  Conference  on  Genetic  Background  in 
Mice  (Silva,  1997)  to  eliminate  differences  due  to 
background  strain  effects  between  studies.  Although 
these  recommendations  were  originally  described  for  the 
use  of  transgenic  and  knockout  models  in  neuroscience, 


they  can  be  equally  applied  to  all  disciplines.  The 
recommendations  include:  (1)  providing  enough  detail 
of  the  genetic  background  to  allow  rederivation  (or 
purchase)  of  the  mice  by  other  laboratories,  (2)  avoiding 
a  complex  genetic  background  that  may  limit  rederiva¬ 
tion  of  the  strain,  and  (3)  using  a  common  genetic 
background  to  facilitate  interpretation  between  experi¬ 
ments.  It  is  expected  that  the  increase  in  commercial 
availability  of  mutant  strains  will  decrease  the  need  for 
strain  rederivation  by  individual  laboratories,  allowing 
standardization  of  background  genotypes  for  specific 
mutant  strains.  However,  in  instances  in  which  com¬ 
mercial  vendors  are  used,  it  is  recommended  that 
inclusion  of  the  stock  number  and  specific  genotype 
designation  of  the  mutant  and  wild-type  strains  is 
included  in  all  reports  to  permit  direct  comparison 
between  studies.  Since  the  degree  of  genetic  similarity 
between  a  congenic  and  its  background  strain  is 
dependent  on  the  number  of  performed  backcrosses 
(Sigmund,  2000),  it  is  also  recommended  that  the 
backcross  generation  be  included  in  all  reports 
using  mutant  strains  from  commercial  or  laboratory 
sources. 

3.2.  The  importance  of  the  wilcl-type  control  strain 

Perhaps  the  most  important  consideration  for  analysis 
of  a  mutant  phenotype  is  the  wild-type  control  strain 
that  is  chosen  for  phenotypic  comparison.  For  geneti¬ 
cally  engineered  mice  that  are  maintained  on  a  standard 
inbred  background,  the  inbred  strain  itself  represents  the 
appropriate  wild-type  control.  When  the  mutant  strain 
is  maintained  on  a  mixed  genetic  background,  the  most 
stringent  controls  are  wild-type  mice  from  the  same 
colony  (Muller,  1999;  Sigmund,  2000).  The  use  of 
littermates  minimizes  environmental  variability  between 
populations,  as  does  an  analysis  of  a  large  number  of 
litters  (Bockamp  et  al.,  2002;  Gerlai,  1996;  Lathe,  1996; 
Sigmund,  2000).  The  inclusion  of  heterozygous  litter¬ 
mates,  which  helps  control  for  genetic  background  and 
environmental  variability,  is  a  unique  strategy  that  is 
usually  ignored  (Bockamp  et  al.,  2002).  Typically,  the 
maintenance  of  mutant  populations  is  achieved  through 
homozygous  matings,  which  eliminates  the  availability 
of  wild-type  and  heterozygous  littermates  as  controls. 
Therefore,  in  most  cases,  an  exact  genetic  match  of  the 
control  to  the  mutant  strain  is  not  possible.  Under 
conditions  in  which  homozygous  matings  are  used  for 
the  maintenance  of  mutant  populations,  F2  hybrids  arc 
the  most  appropriate  controls  (Muller,  1999;  Sigmund, 
2000).  While  F2  hybrids  do  not  represent  an  exact 
genetic  match  to  the  mutant  strain,  they  contain  genes 
from  the  two  strains  used  to  generate  the  mutant 
population.  This  recommendation  follows  the  guidelines 
provided  by  Jackson  laboratories,  which  is  a  commercial 
source  for  several  mutant  strains  (www.jax.org). 
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As  illustrated  in  the  following  example,  differences  in 
control  strain  genetics  and/or  environmental  back¬ 
grounds  can  have  a  significant  impact  on  results 
interpretation.  Using  knockout  mice  from  the  same 
source  (Zheng  et  ah,  1995),  two  different  laboratories 
examined  the  thermoregulatory  profile  of  IL-l/J  knock¬ 
out  mice  to  an  inflammatory  stimulus.  Prior  to 
inflammation,  the  circadian  Tc  profile  of  the  IL-l/J 
knockout  mice  was  examined  to  determine  if  endogen¬ 
ous  IL-1/J  has  a  role  in  baseline  thermoregulatory 
processes.  The  circadian  Tc  profile  of  IL-l/J  knockout 
mice  was  reported  as  elevated  (Alheim  et  al.,  1997)  or 
virtually  identical  (Kozak  et  ah,  1998)  to  wild-type 
controls  in  the  two  studies.  Differences  in  ambient 
temperature  could  not  account  for  these  effects  since 
mice  were  housed  at  of  30  °C  in  both  studies. 
Analysis  of  the  fever  response  to  a  model  of  bacterial 
inflammation  (lipopolysaccharide,  or  LPS,  injection) 
also  yielded  discrepant  results  between  these  studies  with 
IL-l/J  knockout  mice  showing  enhanced  (Alheim  et  ah, 
1997)  or  identical  (Kozak  et  ah,  1998)  fever  responses 
compared  to  their  respective  wild-type  controls.  Since 
the  same  source  provided  the  IL-l/J  knockout  mice, 
differences  in  genetic  background  of  the  mutant  strain 
was  not  responsible  for  these  varying  results.  The  use  of 
different  wild-type  control  strains  is  a  likely  reason  for 
the  phenotypic  differences  observed  between  these 
studies.  While  one  study  compared  mutant  results  to 
those  of  their  wild-type  littermates  (Alheim  et  ah,  1997), 
the  other  study  obtained  a  commercially  available  wild- 
type  strain  (Kozak  et  ah,  1998)  whose  background  may 
not  have  adequately  represented  the  genetic  and 
environmental  background  of  the  mutant  strain.  These 
studies  illustrate  that,  as  a  general  rule,  the  background 
genotype  needs  to  remain  constant  between  experiments 
if  phenotypic  differences  between  studies  are  going  to  be 
ascribed  to  the  mutation  of  interest,  rather  than  to 
differences  in  genetic  and/or  environmental  background 
that  may  be  unrelated  to  the  mutation  (Silva,  1997). 

5.3.  Rescue  experiment 

The  strongest  evidence  that  a  mutation  is  responsible 
for  an  observed  phenotype  is  when  the  wild-type 
phenotype  is  restored  following  reintroduction  of  a 
functional  copy  of  the  gene  (Gerlai,  1996;  Muller,  1999). 
There  are  several  experimental  techniques  that  can  be 
used  to  restore  a  missing  protein’s  function  in  a  mutant 
animal  including  injection  or  infusion  of  the  missing 
protein,  introduction  of  a  transgene,  and  the  generation 
of  “knock-in”  mice  (Gerlai,  1996;  Muller,  1999). 

For  mutant  strains  lacking  a  circulating  endogenous 
protein  (e.g.,  oh/oh ),  reinlroduction  of  the  missing 
protein  using  injection  or  infusion  methods  is  a  viable 
option,  with  the  usual  caveat  of  having  to  determine  the 
proper  dosage  and  timing  of  the  treatment  that  will 


restore  endogenous  function.  Several  studies  have  shown 
the  ability  of  leptin  administration  to  reverse  character¬ 
istics  of  the  ob/ob  mutant  phenotype.  These  effects  of 
leptin  injection  into  the  ob/ob  strain  include  reduction 
of  food  intake  and  body  weight,  correction  of  hyper- 
insulinemia  and  hyperglycemia,  and  increased  metabolic 
rate  and  body  temperature  (Gavrilova  et  al.,  1999; 
Halaas  et  al.,  1995;  Harris  et  ah,  1998;  Pelleymounter 
et  ah,  1995;  Weigle  et  ah,  1995).  Using  a  cytokine 
knockout  model,  Chai  et  ah  (1996)  showed  that  the 
peripheral  injection  of  IL-6  was  not  able  to  restore  the 
fever  response  to  LPS  in  mice  that  lacked  the 
endogenous  IL-6  protein  (IL-6  knockout  mice).  These 
results  were  interpreted  as  evidence  against  peripheral 
IL-6  being  involved  in  the  LPS  fever  response;  however, 
they  only  tested  the  effect  of  one  dose  of  the  cytokine 
given  at  a  single  time  point.  The  ability  of  centrally 
injected  IL-6  to  restore  the  LPS-induced  fever  response 
of  the  knockout  mice  was  not  tested  in  this  study.  Thus, 
this  rescue  experiment  was  not  successful  in  showing 
that  the  wild-type  phenotype  could  be  restored  in  the 
mutant  mice.  However,  the  ability  of  centrally  injected 
IL-6  to  induce  fever  by  itself  was  shown  and  is  an 
important  result  since  it  demonstrates  that  the  IL-6 
gpl30  receptor  complex  remained  functional  in  the  ens 
of  the  knockout  mice  (Chai  et  al.,  1996). 

While  injection/infusion  of  the  missing  protein  into  a 
mutant  animal  is  the  least  technically  difficult  procedure 
(although,  as  previously  described,  there  are  inherent 
difficulties  with  this  procedure),  this  method  is  not 
appropriate  under  conditions  in  which  a  receptor  has 
been  ablated,  unless  the  injected  receptor  is  able  to 
reinsert  into  the  cell  membrane  and  function  in  a 
manner  identical  to  the  endogenous  protein.  While  the 
soluble  IL-6  receptor  is  known  to  augment  endogenous 
IL-6  thermoregulatory  responses  in  vivo  (Schobitz  et  ah, 
1995),  to  the  best  of  my  knowledge  this  has  not  been 
demonstrated  for  other  receptors  implicated  in  Tc 
control  mechanisms.  Thus,  this  may  not  be  an  option 
for  thermoregulatory  models  that  use  receptor  deficient 
mice.  However,  an  important  negative  control  for 
experiments  using  receptor  deficient  animals  is  to 
demonstrate  the  lack  of  a  response  to  the  injected  ligand 
for  that  receptor.  This  is  particularly  important  under 
conditions  in  which  a  redundant  phenotype  has  been 
observed  in  the  mutant  animal.  For  example,  as 
previously  described,  IL-lrl  knockout  mice  develop 
fever  responses  to  the  peripheral  injection  of  LPS  that 
are  virtually  identical  to  those  observed  in  wild-type 
controls  (Labow  et  al.,  1997;  Leon  et  al.,  1996).  These 
data  are  controversial  since  there  are  abundant  data  in 
the  literature  implicating  endogenous  IL-1  in  the 
regulation  of  bacterial-induced  fever  responses  in 
rodents  (Kluger,  1991).  The  conundrum  under  these 
circumstances  is  whether  (1)  IL-1  is  not  an  essential 
regulator  of  LPS  fever  since  the  lack  of  its  type  I 
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receptor  (the  only  known  signaling  receptor  for  this 
cytokine;  Sims  et  al.,  1993)  has  no  effect  in  animals 
injected  with  LPS  (i.e.,  other  proteins  can  compensate 
for  its  function  in  the  knockout  animal),  or  (2)  an  as-yet- 
unidentified  receptor  for  endogenous  IL-1  exists  in  the 
knockout  mice  and  is  responsible  for  the  redundant 
responses  to  LPS.  To  adequately  address  this  question, 
the  ability  of  IL-1  injection  to  induce  a  fever  response  in 
wild-type,  but  not  IL-lrl  knockout  mice,  was  a 
necessary  negative  control  since  it  verified  neutralization 
of  IL-1  actions  in  the  mutant  animals  (Labow  et  al., 
1997;  Leon  et  al.,  1996).  It  is  recommended  that  a 
negative  control  be  included  in  the  experimental  design 
of  all  gene  knockout  studies  that  show  redundant 
thermoregulatory  phenotypes. 

A  more  advanced  method  to  circumvent  drug 
application  issues  is  to  introduce  a  receptor  transgene 
into  the  knockout  animal  to  recover  the  wild-type 
phenotype  (Muller,  1999).  The  advantage  to  this 
technique  over  drug  injection  is  that  it  permits  analysis 
of  circulating  as  well  as  receptor  complexes,  since  the 
receptor  can  be  targeted  for  reinsertion  into  a  particular 
cell  type,  as  required.  An  interesting  variation  on  this 
theme  is  to  replace  genes  using  homologues  from  other 
species,  which  may  provide  a  more  direct  genetic 
correlate  for  the  study  of  a  human  disease  process 
(Moore  et  al.,  1995;  Zou  et  al.,  1994).  In  addition, 
complementation  studies,  in  which  one  gene  family 
member  has  been  replaced  with  another,  may  facilitate 
analysis  of  complex  genetic  pathways  in  which  multiple 
gene  family  members  are  implicated  (Hanks  et  al.,  1995). 
Finally,  the  development  of  “knock-in”  mice  provides 
the  ideal  control  for  the  potential  effects  of  linked  or 
modifier  genes.  The  insertion  of  a  segment  of  DNA 
flanking  the  gene  of  interest,  but  not  disrupting  it, 
results  in  a  “knock-in”  mouse  that  has  the  same 
complementation  of  genes  as  the  wild-type  mouse,  but 
with  the  addition  of  the  linked  genes  next  to  the 
recombination  site  that  was  targeted  in  the  mutant 
(Gerlai,  1996).  This  approach  allows  the  contribution  of 
the  linked  genes  to  the  expressed  phenotype  to  be 
precisely  determined. 

Based  on  the  variety  of  breeding  and  experimental 
strategies  described  in  this  section,  it  is  clear  that 
the  potential  for  background  strain  effects  and  redun¬ 
dant  phenotypes  complicate  the  use  of  gene  knockout 
models  in  thermoregulation  studies.  However,  using 
precise  record  keeping  and  reporting  of  breeding 
strategies  used  to  generate  the  strain  and  considering 
strategies  that  allow  rescue  of  the  mutant  phenotype,  it 
is  likely  that  much  of  the  variation  between  studies 
can  be  effectively  eliminated.  The  use  of  one  or  several 
of  these  strategies  would  significantly  improve  experi¬ 
mental  design  and  reduce  the  complications  of  working 
with  the  variety  of  mutant  strains  that  are  currently 
available. 


6.  Future  perspective:  advancements  in  mutagenesis 
technology 

6.1.  Inducible  gene  inactivation 

One  of  the  major  drawbacks  of  the  classical  gene 
targeting  strategy  is  that  the  gene  is  missing  throughout 
development  and  in  all  tissues  of  the  body.  This 
precludes  analysis  of  a  gene’s  absence  at  a  particular 
time  point  during  development  and  does  not  allow  tissue 
specificity  to  be  determined  for  a  protein’s  action  in  a 
thermoregtilatory  response.  To  circumvent  these  issues, 
new  methods  are  being  developed  that  allow  conditional 
inactivation  of  a  gene  in  a  time-  or  tissue-specific  manner 
(Feil  et  al.,  1996;  Gu  et  al.,  1994;  Kuhn  et  al.,  1995; 
Muller,  1999;  Rajewsky  et  al.,  1996;  Seibler  et  al.,  2003). 
For  a  more  complete  review  of  these  techniques  and 
their  applications,  the  reader  is  referred  to  several  papers 
on  this  topic  (Bockamp  et  al.,  2002;  Kuhn  et  al.,  1995; 
Muller,  1999;  Rajewsky  et  ah,  1996;  Seibler  et  al.,  2003; 
Van  der  Weyden  et  al.,  2002). 

Time-dependent  inactivation  allows  the  investigator 
to  activate  or  inactivate  a  gene  of  interest  at  a  particular 
developmental  time  point.  This  is  a  powerful  approach 
since  it  allows  each  animal  to  serve  as  its  own  wild-type 
control,  by  comparing  the  thermoregulatory  response 
pre-  and  post-induction  of  the  phenotype  (Gerlai,  1996). 
Additional  benefits  to  this  strategy  include  an  analysis  of 
genes  that  would  otherwise  induce  lethal  mutations  or 
functional  redundancy  as  their  functions  are  absent 
during  critical  stages  of  development  (Gu  et  al.,  1994; 
Kuhn  et  al.,  1995).  On  the  other  hand,  tissue-specific 
gene  inactivation  permits  identification  of  the  physiolo¬ 
gical  role  of  a  protein  in  a  particular  tissue  while 
function(s)  of  the  protein  in  other  tissues  of  the 
organism  remain  intact.  These  models  may  be  particu¬ 
larly  useful  to  model  tissue-specific  disease  conditions 
that  more  accurately  reflect  the  human  condition  than  a 
developmental  knockout.  To  the  best  of  my  knowledge, 
there  are  no  studies  examining  time-  or  tissue-specific 
inactivation  of  genes  that  are  implicated  in  thermo¬ 
regulatory  mechanisms. 

6.2.  Rat  mutagenesis 

There  are  several  advantages  imparted  by  the  rat,  over 
mice  that  have  resulted  in  their  preferred  use  in 
thermoregulation  studies.  The  inability  to  induce  fever 
in  mice  precluded  their  use  in  thermoregulation  studies 
for  many  years.  Although  these  complications  have  since 
been  overcome,  the  fact  that  many  thermoregulatory 
mechanisms  were  originally  determined  in  the  rat  will 
entice  researchers  to  continue  working  with  this  species. 
The  more  docile  nature  of  the  rat  makes  it  particularly 
appealing  for  behavioral  studies  and  for  everyday 
maintenance  of  the  species.  Due  to  its  large  body  size, 
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instrumentation  with  physiological  devices  for  measure¬ 
ment  of  Tc  and  other  physiological  variables  is  better 
tolerated  by  the  rat.  As  previously  described,  the  surgical 
implantation  of  bioielemctry  devices  into  the  peritoneal 
cavity  has  a  minimal  effect  on  the  growth  of  the  rat 
compared  to  the  mouse,  presumably  due  to  the  larger 
size  of  the  rat  peritoneal  cavity  which  is  better  able  to 
tolerate  the  device  (Leon  et  ah,  2004).  Sequential  blood 
sampling  for  the  analysis  of  cytokines  and  other  putative 
thermoregulatory  mediators  is  more  easily  provided  by 
the  rat  whose  total  blood  volume  is  significantly  larger 
than  the  mouse.  Since  most  bioassays  require  50-100  pi 
blood  samples  from  each  animal,  the  larger  blood 
volume  of  the  rat  permits  sequential  samples  to  be 
collected  in  each  animal.  This  is  an  important  con¬ 
sideration  since  sequential  sampling  of  blood  variables  is 
a  more  powerful  technique  than  reliance  on  single  time 
points,  the  latter  of  w'hich  can  introduce  variability 
between  experimental  groups.  Furthermore,  mice  afford 
such  small  quantities  of  blood  that  only  a  limited 
number  of  analyses  can  be  performed  on  any  one 
animal.  Perhaps  most  importantly,  the  —10-fold 
difference  in  body  size  between  these  species  makes  T a 
effects  on  heat  exchange  processes  less  pronounced  in 
the  rat,  which  is  important  under  experimental  condi¬ 
tions  in  which  the  TNZ  cannot  be  achieved  and/or 
maintained. 

One  of  the  reasons  for  reliance  on  mouse  knockout 
models  for  studies  of  thermoregulation  has  been  the  lack 
of  success  of  mutagenesis  technology  in  the  rat.  The 
inability  to  produce  functional  rat  embryonic  cells 
precluded  the  use  of  this  species  for  the  generation  of 
null  mutants.  However,  recent  reports  indicate  that 
successful  methods  are  now  available  to  induce  rat  germ 
line  mutations,  suggesting  that  rat  knockout  models 
may  be  available  in  the  near  future.  Zan  et  al.  (2003) 
recently  reported  the  successful  mutation  of  breast 
cancer  genes  Brcal  and  Brca2  in  Sprague-Dawley  rats 
(a  common  strain  used  in  thermoregulation  research) 
using  A'- e t hy  1  - jV-ni tro sourea  (ENU)  mutagenesis.  ENU 
is  a  germ  line  mutagen  that,  when  injected  into  adult 
rats,  induces  inheritable  mutations  (estimated  to  cause 
one  mutation  per  1000  alleles  examined;  Justice  et  ah, 
1999;  Noveroske  et  ah,  2000)  that  can  be  identified  in  Fi 
offspring  to  detect  mutations  of  interest.  Animals 
carrying  the  mutation  of  interest  in  the  F(  population 
are  outcrossed  to  attain  homozygosity  for  phenotypic 
analysis  (Smits  et  al.,  2004;  Zan  et  al,  2003).  However, 
ENU  can  induce  a  number  of  undesired  heritable 
phenotypes,  such  as  ocular  and  tail  abnormalities,  a 
reduction  in  litter  size,  infertility  and  shortened  lifespan 
(Zan  et  al.,  2003).  Thus,  this  technique  is  not  the 
ultimate  solution  to  the  hurdles  presented  for  rat 
mutagenesis,  but  it  provides  one  potential  mechanism 
to  expand  this  technology  into  this  species.  Recent 
publication  of  the  rat  genome  has  clearly  spurred 


renewed  interest  in  this  species  making  the  availability 
of  new  knockout  strains  more  likely  in  the  near  future. 


7.  Concluding  remarks 

The  purpose  of  this  review  is  to  provide  insight  into 
the  advantages  and  disadvantages  of  working  with  gene 
knockout  models  and  to  recommend  experimental 
strategies  that  can  mitigate  many  of  the  undesired 
consequences  of  using  these  models  to  examine  thermo¬ 
regulatory  responses.  Although  many  thermoregulation 
studies  using  a  variety  of  gene  knockout  models  have 
not  followed  the  recommendations  provided  in  this 
review,  that  does  not  imply  that  their  results  are  without 
scientific  merit.  Complications  regarding  differences  in 
genetic  background  were  not  an  issue  when  knockout 
mice  first  became  available  since  typically  only  one 
laboratory  was  involved  in  the  production  of  a  mutant 
strain.  However,  knockout  strains  are  now  commercially 
available,  so  “buyer  beware” — knowledge  regarding  the 
details  of  strain  production  and  the  choice  of  appro¬ 
priate  controls  is  the  responsibility  of  the  consumer/ 
researcher.  In  most  instances,  those  of  us  working  in 
thermoregulation  are  not  trained  geneticists,  but  we  are 
entering  an  era  of  working  with  genetic  models  that  may 
be  indispensable  for  our  understanding  of  thermoregu¬ 
latory  processes.  The  recommendations  provided  here 
are  meant  to  serve  as  a  general  guideline  for  learning 
from  past  mistakes  that  have  been  discovered  (primar¬ 
ily)  in  other  disciplines  that  have  relied  more  heavily  on 
this  technology.  It  is  hoped  that  these  recommendations 
will  provide  a  foundation  to  more  thoroughly  determine 
the  myriad  of  factors  that  may  be  affecting  a  mutant 
phenotype  such  that  the  rigidity  of  future  experimental 
designs  in  the  area  of  thermoregulatory  research  is 
improved. 
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